Dual-junction solar cells formed by a GaAsP or GalnP top cell and a silicon bottom cell seem to be attractive candidates to materialize the long sought-for integration of III-V materials on silicon for photovoltaic applications. When manufacturing a multi-junction solar cell on silicon, one of the first processes to be addressed is the development of the bottom subcell and, in particular, the formation of its emitter.
Introduction
Multijunction solar cell (MJSC) architectures offer a tremendous potential for achieving very high photovoltaic (PV) conversion efficiencies (up to 86% using an infinite number of junctions) [1] , State-of-the-art III-V MJSC designs are based on a substrate material, namely germanium, which is both costly and rare [2] , These factors have given rise to an active quest for alternative substrates, where silicon (Si) emerges as a natural choice as a result of its abundance and relative low cost. Interesting efforts in this direction were carried out in the past century and have reemerged strongly in recent years. One of the most successful approaches so far investigated is based on the use of a GaP nucleation layer to achieve a defect-free III-V template on Si [3] [4] [5] [6] . On this template, GaAsP graded buffers can be grown onto which GaAsP or GalnP topcells of the adequate bandgap can be integrated, thus forming a GaAsP/Si [7] [8] [9] [10] [11] or a GalnP/Si [12] dual junction solar cell.
When manufacturing a multi-junction solar cell on silicon, one of the first processes to be addressed is the development of the bottom subcell, and particularly, the formation of the silicon subcell emitter. This paper reviews both experimentally and by simulations several key features for the optimization of the bottom subcell. Essentially, two alternatives exist for this process: (1) the emitter can be grown epitaxially, which implies that the III-V on Si cell will start with the homoepitaxial growth of n-type silicon on the p-type wafer; (2) mimicking what is done on III-V on Ge multijunction solar cell technology, the emitter of the silicon subcell can be formed by diffusion of a group-V element at the initial stages of the heteroepitaxial process. The use of homoepitaxial growth has demonstrated to be a beneficial factor in the production of high quality GaP layers [4, 8] , though it introduces an additional degree of complexity in the epitaxial process. However, several groups have also reported high quality GaP layers without homoepitaxial silicon buffers [3, 9] . Accordingly, we will focus on this strategy and consider the formation of the emitter from diffusion as is the case in conventional triple-junction solar cells based on germanium.
Phosphorus (P) diffusion in crystalline silicon is a well-known phenomenon which has been thoroughly studied in the past 40 years [13] . However, the formation of the n++ emitter in the silicon subcell in a Metal-Organic Vapor Phase Epitaxy (MOVPE) environment is a complex process somewhat dissimilar to the traditional diffusion step in conventional photovoltaic (PV) technology. In this technology the emitter is formed by a process known as "phosphorous diffusion and gettering", thus phosphorous is supplied either from a phosphorous silicon glass (PSG) formed on the top of the wafer or by a spin-on source. In a MOVPE reactor, by the contrary, the emitter is formed by the diffusion of P atoms, resulting from the pyrolysis of a gaseous source, namely PH 3 , which will interact with the silicon surface. For the growth of III/V compounds on silicon in a MOVPE reactor, at the initial stage (pre-nucleation of GaP) several phosphorus compounds may coexist depending on the process followed and the temperature reached: atomic or molecular P desorbed from the reactor walls and/or other heated parts (susceptor, exhaust, ...); PH 3 intentionally injected and the byproducts of its pyrolysis (PH 2 ). All these compounds interact with the wafer surface to provide a final coverage of P dimers and some displacement of silicon dimers (roughening). As a result of a certain phosphorus surface coverage at the temperatures used for the MOVPE process, diffusion of P into the wafer takes place. In the second stage in a process without a silicon homoepitaxial buffer, GaP nucleation starts but still an important phosphorus supply remains as a result of interdiffusion between the epilayer and the silicon substrate. Finally, in a third stage, during the growth of the graded buffer and the top subcell, the diffused phosphorus further penetrates into the substrate. In summary, the final junction depth will be the combined result of all these processes. In this paper, we will review-experimentally and using simulations based on SSupremlV-the formation of the emitter by the diffusion of P into the silicon wafer, during the prenucleation stage, which mostly determines the emitter depth [14] .
Experimental
The silicon substrates used in this work were p-type borondoped wafers oriented (100) with a miscut of 2° towards the nearest (110) plane, grown by the Czochralski method, with a resistivity of 5-10 SI cm. Before loading wafers into the reactor they were chemically etched in HF:H 2 0 solution. They were dried afterwards with highly pure (5 N) N 2 . The experiments were carried out in a horizontal, research-scale MOVPE reactor (AIX200/4), equipped with an IR-lamp heater. All the quartz and graphite components in the reactor chamber were installed clean and heated to 850 °C before each series of experiments. The carrier gas was Pd-purified H 2 , and the phosphorus precursor used was high purity phosphine (PH 3 ).
In order to assess the role of different variables on the formation of the emitter, two types of experiments were carried out: (1) exposure of wafers to a single annealing step under different phosphine partial pressures, and (2) a combined treatment consisting of an initial annealing under phosphine followed by a phosphorus drive-in under hydrogen atmosphere.
Temperatures from 800 to 875 °C were used in the experiments for two different reasons: first, in order to obtain a deep enough emitter, a high temperature is required to guarantee the diffusion of the phosphorus into the silicon. Second, it has been widely reported the necessity of an initial wafer annealing (at a temperature higher than 800 °C) in order to favor the thermal desorption of the native silicon oxide and to promote the formation of double steps. Hence, an optimal surface, where a defect-free heteroepitaxial growth can be carried out, is obtained [15, 16] .
A side effect of this annealing under phosphine is the degradation of the substrate surface morphology. It has been described that the exposure of Si (100) surfaces to PH 3 may result in surface roughening due to Si hydration and subsequent dimer displacement [17, 18] . Consequently, the optimum diffusion conditions for the formation of the bottom subcell emitter have to be attained without degrading the morphology of the substrate. The samples were characterized using Atomic Force Microscopy (AFM) to assess the impact of the MOVPE environment on the surface morphology degradation, which occurs during the formation of the emitter. AFM scans were taken using a Digital Instruments-Multimode Ilia microscope working in tapping mode and images were processed using a free software tool [19] .
Phosphorus diffusion profiles have been measured by means of Electrochemical Capacitance-Voltage profiling (ECV) using NH 4 F/ HF as electrolyte [20] . Some of the wafers have also been selected for measuring Secondary Ion Mass Spectrometry (SIMS) using positive ions (whose low impact energy will provide a better depth resolution in the first nanometers of the sample) and negative ions (which provide a better resolution deeper into the sample). Table 1 summarizes the MOVPE treatment followed by each wafer. An estimation of the emitter depth, according to the ECV profiles, is also included. The main roughness parameters of the samples obtained from AFM characterization are summarized in Table 2 .
Results
ECV diffusion profiles measured for samples that have suffered a single annealing step (samples #1 to #4) are shown in Fig. 1 . Time exposure to phosphine was constant in all the cases and equal to 60 min. Temperature and phosphine partial pressure were different for each case, as shown in Table 1 . The emitter depth was estimated by an extrapolation from a fit of the ECV profiles using a complementary-error function for samples #1 to #4. These fits have been plotted in the figure as thin solid lines. The bottom gray band corresponds to the wafer nominal dopant concentration range, considering the uncertainty given by the manufacturer. It should be noted that the emitter depths estimated by the extrapolation of those fits have been obtained without considering either the uncertainty of ECV measurements (ECV profiling measures the electrically active fraction of dopants, and then it can Table 1 Description of the experiments carried out on each sample. All experiments were conducted at a reactor pressure of 900 mbar using H 2 as carrier gas. The emitter depth has been estimated from ECV and SIMS measurements.
Step 1 (P-predeposition) Table 1 ). The thin solid lines represent fits of the tail of the ECV profiles based on the complementary error function used to estimate the emitter depth. SIMS profiles (positive ions) measured in samples #2 and #4 have been included for comparison. A range for the wafer nominal dopant concentration has been also included as a gray stripe on which the arrows indicate the limits for the estimated emitter depth in each case.
PH
underestimate the total chemical concentration) or the uncertainty associated with the wafer doping (junction depth ranges are given based only on the uncertainty in the doping of the Si wafers). Thereby, both ECV and SIMS error margins are excluded, for the sake of simplicity, and thus emitter depths calculated are just an estimated value in order to be able to compare with theoretical values obtained from the simulations.
Fig . 1 compares the P profiles obtained for samples #1 to #3, annealed under a partial pressure of PH 3 of 32.1 mbar for 60 min at 875, 830 and 800 °C, respectively. P profiles obtained by SIMS (positive ions) and ECV correlate well and follow the typical kink and tail profile [13] . An initial shallow region (10-25 nm deep) with a very high doping is followed by a much deeper region showing a profile highly affected by the annealing temperature (emitter depths estimated for samples #1 to #3 range from 175 to 275 nm). The depth of the initial saturated region (-25 nm) seems rather unaffected by temperature whilst the depth reached by the diffusion tail is strongly modulated by this parameter. According to Fig. 1 , the saturation condition was reached for all samples #1 to #3 (i.e. for all temperatures in the range studied) measuring a surface P concentration in the range of 3-5 x 10 20 cm -3 , in agreement with values reported in the literature for the solid solubility of P in Si in this range of temperature [21, 22] .
In order to assess the impact of the partial pressure of PH 3 , a new sample (#4) was obtained by exposing the silicon wafer to 0.7 mbar of PH 3 at 830 °C again for 60 min. Fig. 1 also includes SIMS and ECV profiles for this sample (#4), which show interesting differences with those of sample #2, formed at the same temperature and time but under a PH 3 partial pressure of 32.1 mbar. Despite the P surface concentration in both samples is similar, the depth of the saturated region in sample #4 is roughly half of that of sample #2 and the same occurs with the tail region of the profile, being in sample #4 far less deep than in sample #2 thereby producing a much shallower emitter. In other words, despite having a similar P-surface concentration at the same temperature (830 °C) for the same time (60 min), strong differences in P penetration are observed between both samples, as a result of differences in the gas phase in the MOVPE environment and consequently in the surface chemistry. As an indirect proof of the great differences in the surface processes occurring in both samples it is worth mentioning the large difference in RMS roughness measured, as shown in Table 2 .
Since shallow emitters are preferable in our solar cell design, we explored the possibility of reducing the time exposure to phosphine (to 30 min), maintaining a high phosphine partial pressure (32.1 mbar). In this case, we added an additional stepannealing under hydrogen-which is the so called P drive-in process intended to redistribute the phosphorus into the silicon. Fig. 2 shows the emitter profiles for samples #5 to #8, which have gone through the two step treatment (Table 1) . In this case, as a result of the composite thermal treatment, the emitter depths were better estimated using a Gaussian function to fit the experimental profiles (thin solid lines in Fig. 2 ).
As shown in Fig. 2 , the kink and tail profiles in these samples are severely modified. The surface concentration is greatly decreased (to values between 10 20 and 10 19 cm -3 ) and the saturated region is blurred. Of course, these two phenomena are the result of P in the surface region diffusing deeper into the substrate during the drive-in process. The effect of the temperature of the drive-in process can be assessed comparing samples #5 (P drive-in at 875 °C) and #6 (P drive-in at 830 °C). In sample #5 the surface concentration is lower and the tail penetrates deeper into the substrate as a result of a more intense in-diffusion due to the higher temperature. On the other hand, the effect of the parameters of the P-predeposition process (for the same drive-in duration and temperature) can be ascertained comparing the profiles of sample #5 and #7. In the case of sample #7, the exposure to PH 3 is just 10 min long at 875 °C while conditions for sample #5 are 30 min at 830 °C. In this case the short exposure in sample #7 produces a shallower diffusion despite taking place at a higher temperature. This is in agreement with the results of sample #1 and #2 where the same difference in temperature didnot cause any difference in surface concentration. In this respect, we can conclude that, if sufficiently high partial pressures of phosphine are used, the duration of the PH 3 exposure determines the depth into the wafer of the saturated region (i.e. in a first-order approximation the amount of the P loaded into the wafer) while the conditions of the drive-in determine the intensity of the redistribution (i.e. the emitter depth). Finally, sample #8 Table 1 ). The thin dashed lines represent fits of the tail of ECV profiles based on a Gaussian function used to estimate the emitter depth. The SIMS profile (positive ions) measured in sample #8 has been included for comparison. A range for the wafer nominal dopant concentration has been also included as a gray stripe on which the arrows indicate the limits for the estimated emitter depth in each case.
exemplifies the effects of a long drive-in (90 min) where the profile has evolved into a pure tail with no kink.
The emitters formed in these experiments are shallower in all samples (between 80 nm and 140 nm). In terms of emitter depth, these profiles are very similar to the ones obtained for the low phosphine partial pressure in Fig. 1 (sample #4) . Therefore, exposing the wafers to a high phosphine concentration during a short time will be enough to obtain a shallow emitter if an additional drive in step is carried out. Furthermore, the beneficial effect of the second step (hydrogen annealing) on the surface morphology becomes evident when comparing the RMS roughness (Table 2) , since an important reduction of this value has been observed in the second group of samples, even when working with high phosphine partial pressures. Moreover, these RMS roughness values are very similar to those of as-received wafers, this being an indication of the total recovery of the surface morphology after the annealing in hydrogen, as reported by other authors [18, 23] .
Discussion
With the aim of having a better understanding of the diffusion profiles obtained, simulations of the phosphorus diffusions in pdoped Si have been carried out and compared to the experimental data. SIMS measurements instead of ECV will be used for the comparisons, because of the fact that they represent the total dopant concentration, not only the electrically active fraction.
If the phosphorus surface concentration reaches saturation conditions in silicon, it is accepted that it diffuses through a two-stream mechanism: a vacancy-mediated process at high concentrations and an interstitially driven diffusion at lower P concentrations [24] . The superposition of these two fluxes results in the typical kink-and-tail profiles such as some of the ones shown in Fig. 1 . To be able to theoretically reproduce such complex concentration profiles, we have chosen to simulate phosphorus diffusion profiles using the SSupremlV process simulator included in the Silvaco TCAD ATHENA® software package [25] . The phosphorus doping profiles are calculated using a fully coupled diffusion model, in which the dopant and the non-equilibrium point defect populations-namely, lattice vacancies and silicon selfinterstitials-are directly represented and evolved in time. Therefore, three different sets of diffusion equations are used: one for phosphorus atoms, one for self-interstitials and one for vacancies. The phosphorus diffusivity values included in SSupremlV are dopant-concentration dependent by using the model proposed by Fair [26] :
where D< = D'exp(^j Vacancies and interstitials have different diffusivities than dopants. The values used in our simulations are those published in [27] . Each diffusivity coefficient is temperature-dependent following an Arrhenius-like dependence. Table 3 lists the   Table 3 Pre-exponential factor and activation energy for the non-zero Arrhenius-like diffusivity coefficients of phosphorus (D x , D~, D~) [26] and of vacancies and self-interstitials in silicon [27] pre-exponential factors and activation energies used in the diffusion simulations. From a physical viewpoint, the fully coupled diffusion model relies on the dilute approximation (i.e. the assumption that the concentration of dopant-defect pairs is much smaller than both the dopant and the defect concentrations). There is no subdivision of defects and dopant into paired and non-paired fractions. Then, the dopant-defect coupling is managed by introducing two empirical parameters, fpy and f P[ . The first parameter f PV is the fractional vacancy component of diffusion, and it accounts for the fraction of phosphorus atoms that diffuse via lattice vacancy defects under non-equilibrium conditions. Similarly, its complementary parameter f Ph accounts for the fraction diffusing through self-interstitial defects in the same conditions. Both parameters are used in the flux equation for the phosphorous atoms, which diffusion is then highly influenced by the diffusion of vacancies and interstitials. In addition, in the fully coupled diffusion model the phosphorus flux term is also present in the continuity equations for the point-defect populations, allowing the diffusion of vacancies and interstitials to be also influenced by the diffusion of the dopant atoms. It is worth noting that/ P/ +/p V =l. However, it is already well-known [24] that the interstitially-driven mechanism clearly dominates when phosphorus diffuses into silicon, forcing f P [ to be close to 1. Then, according to the data found in [24] , fpy has been fixed to 0.01 in all our diffusion simulations.
Point-defect recombination at interfaces and in the bulk is also modeled in ATHENA®. It also allows modifying the process boundary conditions, as the injection of extra point defects from the surface into the substrate, which will be of special interest to account for PH 3 -Si reactions occurring at the silicon surface. Second-order effects as the capture or emission of interstitials by traps, dopant electrical deactivation and clustering, etc. are also modeled. More detailed explanations of the ATHENA® platform can be found in [25] . Fig. 3a shows the SIMS phosphorus profiles using positive and negative ions for sample #2, which was exposed to a relatively high partial pressure of 32.1 mbar of PH 3 at 830 °C during 60 min. The use of positive and negative ions allows obtaining maximum resolution in the near surface region (positive ions) as well as in the sample bulk (negative ions). The leftmost solid line-labeled 0 cm -2 s _1 -corresponds to the simulated diffusion profile for the nominal values of time and temperature and no vacancy injection. A surface concentration of 4 x 10 20 cm -3 has been set, matching the surface value determined by SIMS measurements. It can be clearly seen how poor the fitting to the experimental data is.
However, it is agreed that enhanced dopant diffusion in silicon is generally due to the generation of an extra concentration of point defects, particularly of vacancies in the saturated regions. In this sense, we have simulated the effect of having and extra population of vacancies at the silicon surface. Fig. 3a shows these new simulations as solid lines labeled with the extra generation rate for vacancies assumed in each case. If an extra flux of vacancies at the surface of around 10 11 cm -2 s _1 is considered then the high-concentration part of the profile can be fitted quite accurately (red solid line in Fig. 3a) . However, a clear underestimation of the profile in the tail region is still present. Many reports have shown that the diffusion rate in the tail region is highly correlated with the concentration of self-interstitials in the bulk [24] . This rise in self-interstitial concentration in the bulk is generally correlated with an increase in the generation of defects at the surface or with a decrease in their annihilation rate. Accordingly, Fig. 3b shows new calculations where the extra generation rate of vacancies at the surface has been fixed to 7 x 10 10 cm -2 s _1 , which produced the best fit to the SIMS profile with positive ions in the saturated region, while different values for the self-interstitial generation rate at the surface have been assumed. These new simulations are plotted as solid lines in Fig. 3b the label indicating the interstitial generation rate. For sample #2, adding an extra generation rate of silicon selfinterstitials at the silicon surface of about 7 x 10 8 cm" 2 s _1 (red solid line in Fig. 3b ) increases sufficiently the bulk Si interstitial population without affecting the vacancy-mediated high-concentration part of the profile, and leads to a simulated phosphorus profile fairly close to the data measured by SIMS.
In summary, to obtain a reasonable fit to the experimental P profiles as measured by SIMS we need to consider an important injection of vacancies (7 x 10 10 cm~2 s _1 ) with a much smaller simultaneous injection of self-interstitials (7 x 10 8 cm -2 s _1 ). It is well-known that the chemical interaction of silicon from the wafer with foreign species to form deposited films can be a source of point defects. For instance, the nitridation of a silicon wafer to form a layer of silicon nitride has been reported to represent an extrinsic source of vacancies, while silicon oxidation injects extra self-interstitials at the surface [24] . Obviously, in our case neither nitridation nor oxidation is present, but significant chemical interaction is known to occur between PH 3 (and its byproducts) and the silicon wafer at our process temperatures. Moreover, in our case, the AFM measurements presented in the previous section have already shown how phosphine partial pressure affects the morphology of the silicon surface. The samples exposed to higher PH 3 partial pressures at higher temperatures for longer times present a substantial increase in surface RMS roughness (shown in Table 2 , which summarizes roughness data for all samples ) as a result of the proliferation of pits (holes), which were not present in the AFM scans of as-received wafers. In addition, surface skewness and surface kurtosis-which should be zero and three, respectively, for a flat morphology-deviate from their standard values. Larger deviations are observed in samples #1 and #3 indicating that these samples are not formed by sets of evenly distributed peaks and valleys of homogeneous heights [28] . All these morphological features are the result of Si hydration and subsequent dimer displacement. We speculate that the phenomenology behind this process is as follows: when large quantities of PH 3 are present in the reactor for sufficient time, the wafer surface is etched significantly and a number of silicon atoms are removed from the pre-existing surface reconstruction; silicon atoms in the bulk diffuse towards the surface in a trend to restore thermodynamic equilibrium (i.e. minimizing surface energy by replenishing Si atoms for the surface reconstruction) creating vacancies mostly in the subsurface region. In such process, most of the displaced silicon would form silane (or other ionized hydride) and desorb into the gas phase. However, a minimum amount of the silicon/hydrogen complexes-1 out of each 100 atoms according to our calculations-could dissociate while being still adsorbed at the surface giving the chance to the silicon atom to diffuse back into the bulk, thus feeding the proposed extra flux of self-interstitials. The enhanced presence of vacancies and selfinterstitials in these samples is currently under investigation using Rutherford Backscattering (RBS) techniques. In particular, ion channeling experiments, which can provide very precise information on the lattice location of an impurity atom or defect in the Si lattice, are underway to further substantiate our hypothesis.
If this correlation between morphology degradation and point defect injection were correct, those samples with lighter exposure to PH 3 (i.e. exposed to low partial pressures of phosphine or to high partial pressures for short times) and then better surface RMS roughness due to the lack of silicon displacement, should present less or even no enhancement in the diffusivity of the tail region. Fig. 4 presents the SIMS-measured phosphorus profile for sample #4, exposed to PH 3 for the same time and temperature than sample #2 but with a significant reduction in the PH 3 partial pressure from 32.1 to 0.7 mbar. In this case, the RMS surface roughness measured on sample #4 is of 0.33 nm, which is about the same roughness value measured on as-received wafers, indicating that this light PH 3 exposure has had little effect (if any) on the wafer surface (see Table 2 ).
Comparing the simulations of the phosphorus profile to the SIMS data in Fig. 4 , two main conclusions can be drawn. The first one is that, even having nearly the same P surface concentration of 4 x 10 20 cm -3 , there is no clear evidence of dopant saturation in the first nanometers of the diffusion profile. This is consistent with having about 45 times less PH 3 partial pressure, and then a lower surface coverage of P dimers of the surface. The second conclusion is that if, to simulate the profiles, we assume the same generation rates for vacancies and self-interstitials used in Fig. 3 for sample #2, then a clear overestimation of the diffusion profile is obtained (see black solid line in Fig. 4) . On the contrary, if no injection of vacancies and self-interstitials is considered, the simulated P profile fits the measured data reasonably well (red solid line in Fig. 4 ). This suggests that without morphology degradation (and Table 4 Comparison of emitter depths from measurements and simulations. thus without intensive surface displacement of silicon atoms) there is no enhanced diffusivity in the tail region. The third group of samples studied in this work are those where a two-step thermal process (first a phosphorus predeposition followed by a drive-in) is carried out. The phosphorus redistribution during the drive-in step leads to much lower surface concentrations ( < 10 19 cm -3 ), as confirmed by the SIMS profile of sample #8 (reproduced in Fig. 5 ). This sample was exposed to our higher PH 3 partial pressure conditions (32.1 mbar) for only 10 min at 830 °C, followed by a drive-in at 875 °C in a H 2 atmosphere for 90 min. Therefore, according to the phenomenological explanation given, little surface degradation is expected due to the short exposure time to PH 3 (a six-fold reduction as compared to samples #1 to #3) and thus no increase in the surface injection rates for vacancies and self-interstitials is expected. This assumption was indirectly confirmed by growing a new sample (#9 in which was only subjected to the predeposition step (p PH 3=32.1 mbar, for only 10 min at 830 °C) and then measured by AFM exhibiting a RMS roughness of 0.48 nm, reasonably similar to those with little or no surface degradation ( Table 2 ). The black solid line in Fig. 5 presents the simulated phosphorus profile for the two-step thermal treatment of sample #8 using the nominal times and temperatures and a constant surface phosphorus concentration of 4 x 10 20 cm -3 during the predeposition step, in agreement with the values measured for the previous samples. In Fig. 5 we also included as a dashed line the simulation of the kink and tail profile obtained after the first predeposition step. Comparing the simulated (black solid line) and the measured profiles, the fit is fairly reasonable in the tail region. However, at the first nanometers, the simulation predicts lower phosphorus concentrations after such a prolonged dopant drive-in at 875 °C for 90 min. In fact, the simulation follows well the SIMS profile taken with negative ions which is known to produce an underestimation of the real surface concentration. The SIMS profile obtained with positive ions shows a nearly constant dopant concentration in the first 25 nm. According to our simulations, this is only possible if a certain amount of P is made available at the surface during the drive-in step when no PH 3 was injected. Repeating the simulations, a reasonably good fit is obtained considering a constant phosphorus concentration of 5 x 10 18 cm -3 during the second thermal step (red solid line in Fig. 5) . We believe that this extra P supply is caused by atomic phosphorus which was deposited on the reactor walls and graphite parts during the predeposition step (at 830 °C) and is desorbed from the reactor walls and surfaces at the drive-in stage held at significantly higher temperatures (875 °C). We have some indirect evidence about the existence of this P background pressure since we routinely observe changes in surface dopant concentration of wafers after a long heat bake under pure H 2 if the reactor has been coated with P in previous runs. In summary, sample #8 represents a case study were surface degradation has been controlled and no extra injection of point defects seems to be present. However, a well-known phenomenon-namely group V memory effect-to some extent inherent to any MOVPE reactor appears to influence the final P diffusion profile obtained.
As a final proof to test our diffusion model we calculated the junction depths for all samples in Table 1 . Table 4 compares the junction depths estimated from SIMS and ECV profiles with the depths calculated from simulated P profiles. As shown by this table, the agreement between both values is quite good, offering again an indirect proof of the robustness of the simulation model developed.
Summary and conclusions
Dual-junction solar cells formed by a GaAsP or GalnP top cell and a Si bottom cell seem to be excellent candidates for the integration of III-V materials on Si. This combination may provide a cost breakthrough for PV technology, unifying the low cost of Si and the efficiency potential of III-V MJSC. In this study, we have studied both by simulations and experimentally the formation of the emitter by the diffusion of phosphorus into the silicon substrate, during the MOVPE process. Wafers have been submitted to different treatments, where parameters such as temperature, time exposure or phosphine partial pressure, were varied. From SIMS and ECV P profiles we have confirmed that when large amounts of PH 3 are present in the reactor during annealing the surface morphology of the samples degrades and the diffusion profiles obtained are much deeper. To be able to simulate such deep profiles, an extra injection of point defects, namely silicon vacancies and self-interstitials, at the surface has to be assumed. The origin of this phenomenon has been postulated to be the hydration of surface silicon atoms by PH 3 . On the contrary, when low partial pressures of PH 3 are used (which do not cause surface morphology degradation due to the absence of a significant etch on the surface) the P diffusion profiles measured can be simulated without any extra addition of point defects. When the exposure to PH 3 is short enough and is followed by an annealing under hydrogen (i.e. a drive-in), the degradation in morphology is minimum and the diffusion profiles associated to the redistribution of P can be calculated without considering extra injection of point defects but taking into consideration memory effects (i.e. P desorption in the MOVPE reactor) that act as unintentional extra supply of P atoms at the surface.
